Functional polymer brush modified graphene oxide (FPGO) with functional linear polysiloxane brushes was synthesized via surface precipitation polymerization (sol-gel) and chemical modification. Then, FPGO was covalently cross-linked to the sulfonated polysulfone (SPSU) matrix to obtain novel SPSU/FPGO crosslinked nanocomposite membranes. Meanwhile, SPSU/GO composite membranes and a pristine SPSU membrane were fabricated as control groups. Reduced agglomeration of the inorganic filler and better interfacial interaction, which are benefit to increase diffusion resistance of methanol and to generate continuous channels for fast proton transportation at elevated temperature, were observed in SPSU/ FPGO cross-linked membranes. Moreover, the enhanced membrane stability (thermal, oxidative and dimensional stability) and good mechanical performance also guaranteed their proton conducting durability. It is noteworthy that the SPSU/FPGO-1 cross-linked membrane possesses the best comprehensive properties among all the prepared membranes and Nafion®117, it acquires the highest proton conductivity of 0.462 S cm À1 at 90 C under hydrated conditions together with a low methanol permeability of 1.71 Â 10 À6 cm 2 s À1 at 30 C. The resulting high membrane selectivity displays the great potential of the SPSU/FPGO cross-linked membrane for DMFCs application.
Introduction
Direct methanol fuel cells (DMFCs) have been considered as prospective environment-friendly power sources which could lower our dependence on fossil fuel in the future. DMFCs convert the chemical energy of clean fuel (CH 3 OH) directly into electrical energy with many advantages such as high efficiency, compactness and low emission of pollution. [1] [2] [3] [4] The proton exchange membrane (PEM) plays a critical role in proton transportation from anode to cathode in the DMFCs. At present, Naon, a peruorosulfonic acid polymer membrane, is commonly used for proton conduction due to its good balance between the excellent chemical and electrochemical stabilities, good mechanical properties and high proton conductivity. However, its application in DMFCs is still limited due to its high cost, high fuel permeability and a conned operating temperature which is below 80 C. 5 Besides, because the transport mechanism and transport channels of protons and methanol molecules are similar, it is hard to simultaneously improve the membrane conductivity and decrease its methanol permeability when modifying PEMs. 6 One effective approach to improve the comprehensive properties of PEMs is to introduce inorganic nanollers with excellent stability, high proton conductivity and methanol resistance into polyelectrolyte membrane matrix to obtain organic-inorganic hybrid PEMs. Graphene oxide (GO) has been considered as an attractive candidate, owing to its unique chemical structure with many oxygenated functional groups (carboxyl, hydroxyl etc.) for superior proton conductivity, methanol resistance, high stability and mechanical properties. [7] [8] [9] Its large surface area with many polarized groups may help to construct continuous proton transport channels and resist the transportation of methanol, so a small amount of GO could be benecial for improving the proton conducting behaviors and lower the methanol permeability.
nanollers to further increase the organic-inorganic interaction. [13] [14] [15] [16] [17] Recently, polymer brushes modied nanomaterials as PEMs has triggered more and more attentions. [18] [19] [20] [21] [22] Compared with chemical modication using small molecules, polymer brushes offer the possibility of providing multiple selective functional groups on every so polymer chains. Therefore, they can provide more effective opportunities to optimize the solubility of nanoller in organic solvents, improve the nanoller/ polyelectrolyte interfacial compatibility by forming larger interfacial area with stronger interaction. 23 L. Zhao et al. 24 introduced sulfonated polymer brushes modied graphene oxide (SP-GO) into sulfonated poly(ether ether ketone) matrix. Interconnected ionic pathways were formed, leading to a 95.5% increase in proton conductivity of the membrane with 10 wt% of SP-GO under hydrated condition at 65 C. Choi et al. 25 incorporated GO into Naon matrix, resulted in selective transport, a 40% decrease in methanol permeability and a maximum power density at 70 C.
Compared with type (i) nanocomposite PEMs, covalently cross-linked nanocomposite membranes perform better mechanical property, markedly enhanced stability (dimensional, chemical and thermal stability) as well as higher methanol resistance for practical DMFCs applications. [26] [27] [28] However, it's difficult to cross-link the widely used proton conducting polyelectrolytes onto GO surface through a mild reaction route without sacricing too much ion exchange capacity (IEC) of the membrane. In addition, since PEMs with a very compact crosslinking network oen performs signicantly lowered proton conductivity due to their low water uptake (WU) and IEC, a moderately controlled cross-linking density is required. 29 With a proper cross-linking density, the sacrice of proton conductivity can be minimized, 28, [30] [31] [32] even enhanced proton conductivity compared with hybrid membrane without covalent crosslinking was observed, owing to the improved organic-inorganic interfacial compatibility, higher membrane water retention and continuous ionic exchange channels. [33] [34] [35] With the help of functional polymer brushes modied GO (with reactive groups for cross-linking on the polymer brushes), a proper crosslinking density of the nanocomposite membrane can be realized by simply controlling the amount of incorporated polymer brushes modied GO llers. Therefore, the trade-off between proton conductivity and methanol permeability of GO polymer brushes based cross-linked nanocomposite PEMs could be modulated for comprehensive DMFCs performance.
Aiming to enhance the comprehensive properties of PEMs including stability, proton conductivity and methanol resistance, we reported a novel hybrid PEM with cross-linked structure based on functional polysiloxane brushes modied GO (FPGO) and sulfonated polysulfone (SPSU). Herein, SPSU was chosen as polymer matrix for its excellent chemical and thermal stability, good mechanical property and excellent membrane-forming ability. The highly dispersible FPGO was synthesized by the following steps: surface precipitation polymerization (sol-gel) of vinylmethyldimethoxysilane (VMDMO) was adopted to synthesize novel polymer brushes modied graphene oxide (PGO), then 2,4,6,8-tetramethylcyclotetrasiloxane (D H 4 )/4-chlorostyrene cyclic cross-linker was connected onto the polysiloxane brushes to obtain FPGO. Subsequently, aer the condensation reaction between terminal -OK groups of SPSU and 4-chlorostyrene groups of FPGO, SPSU/FPGO crosslinked membranes were fabricated by a facile solution casting method. The successful synthesis process were demonstrated by Fourier transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), atomic force microscopy (AFM), solubility test, etc. Meanwhile, Naon®117, pristine SPSU membrane and SPSU/GO composite membranes were set as control groups. Reduced agglomeration of GO and improved interfacial interaction was observed in SPSU/FPGO cross-linked membranes. In addition, thermal and dimensional stability of all the prepared membranes were analyzed. By measuring the WU, IEC, methanol permeability, proton conductivity and membrane selectivity, the effects of temperature, inorganic content and crosslinking density on the comprehensive membrane performance were evaluated.
of VMDMO was dissolved into 50 mL of absolute ethanol and the resulted solution was slowly added into the GO dispersion. Then, 0.3 g of deionized water was added into the mixture dropwise to initiate the hydrolysis-condensation reaction of VMDMO on the surface of GO nanosheets. Surface precipitation polymerization was carried out at 65 C under magnetic stirring for 24 h. Aerward, the dispersion was centrifuged and washed for 4 times with absolute ethanol to remove the unreacted traces of VMDMO. At last, PGO was obtained aer being dried in a vacuum oven at 40 C for 24 h.
To synthesize FPGO (Scheme 1), proper amount of chloroplatinic acid catalyst was added into the 60 mL of ethanol solution which contained 0.091 g of D C for 24 h.
Preparation of SPSU/GO composite membranes
The SPSU/GO composite membranes were prepared via the solution casting method. A certain amount of GO was ultrasonicated in 10 g of DMAc for 2 h to prepare GO dispersion with various concentrations, respectively. Then, the GO dispersion was mixed with the 10 g SPSU solution (20 wt%) and kept stirring for 24 h at 35 C. The mixture was again ultrasonicated for 1 h to attain better dispersion of GO within SPSU chains. The nal casting solution was then cast on a smooth polyethylene terephthalate (PET) sheet in molds. The casting solution were dried at 60 C for 12 h and 90 C for 12 h, and then dried in a vacuum oven at 60 C for 24 h to completely remove the solvent molecules. SPSU/GO composite membranes with various inorganic contents were fabricated. The obtained membranes were treated with 1 M HCl for 24 h to activate the sulfonic groups in the polymer matrix and the carboxyl groups in GO. Next, the treated membranes were washed using deionized water for many times until the washing solution is neutral. The prepared SPSU/GO composite membranes with different GO contents as 1 wt%, 2 wt% and 3 wt% were black, smooth, strong and homogeneous with thickness between 200 and 230 mm. They are coded as SPSU/ GO-X, where X represented the weight percentage of GO in the composite membranes. All of the membranes were kept in deionized water before being used.
Preparation of SPSU/FPGO cross-linked membranes
A certain amount of FPGO were ultrasonicated in 10 g of DMAc for 2 h to prepare the FPGO dispersion, respectively. Then, the obtained homogeneous FPGO dispersion was mixed with the 10 g of SPSU solution (20 wt%) and ultrasonicated for 1 h to attain better dispersion of FPGO with SPSU. Next, the mixture was added into a ask and keep the reaction temperature at 100 C for 16 the nanosheets and membranes were characterized by X-ray diffraction (XRD) using a X-ray diffractometer (MiniFlex 600, Rigaku, Japan) with Cu K a radiation (l ¼ 0. 
Mechanical property
Tensile strength of various membranes was measured with a universal mechanical testing machine (Shimadzu AG-I, Japan) to investigate the change of mechanical properties upon the addition of GO or FPGO into the SPSU membranes. The membrane specimens were prepared to be 8 mm in width and 25 mm in length, and the testing elongation rate was 2 mm min À1 . All the membranes were kept in DI water overnight at room temperature for testing, and water on the surface of membranes was removed using a lter paper before measurements. The nal value of every group was the average of three measurements with an error within 5%.
Oxidative stability
Each membrane sample was immersed in Fenton's reagent (2 ppm FeSO 4 in 3% H 2 O 2 solution) at 80 C. Oxidative stability of all the prepared membranes was evaluated based on the weight change aer treating in Fenton's reagent for 1 h, the time when membranes started to dissolve and the time for completely dissolving.
Proton conductivity
Proton conductivity of membranes (2 cm Â 1 cm) at 30, 50, 70 and 90 C were measured using AC impedance spectroscopy of electrochemical workstation (Versa STAT3, AMETEK, USA) with an oscillating voltage of 20 mV over a frequency range of 10-106 Hz. The prepared membranes were fully hydrated in water for over 48 h prior to be tested. Proton conductivity measurement of fully hydrated membranes was carried out with the testing cell being immersed in deionized water bath. Proton conductivity (s, S cm À1 ) of the membrane was the average value with an error within AE0.004 S cm À1 calculated by eqn (1):
where L (cm) is the distance between the two platinum electrodes, A (cm 2 ) is the testing area of the membrane and R (U) is the AC resistance of the membrane.
Methanol permeability and membrane selectivity
Methanol permeability of various membranes at 30 C is carried out in a glass diffusion cell consisting of two compartments separated by a proton exchange membrane. Membranes are pre-hydrated for 24 h and then tightly clamped between the two diffusion compartments. Compartment A is lled with 50 wt% methanol aqueous solution and compartment B is lled with deionized water initially. Methanol concentration in compartment B is measured instantly during the diffusion process using a digital refractometer (ABBE WYA (2WAJ)). Finally, methanol permeability (P, cm 2 s À1 ) was obtained with an error within 0.1 Â 10 À6 by eqn (2):
where 
where s (S cm À1 ) is the proton conductivity of various membranes and P (cm 2 s À1 ) is the methanol permeability.
Results and discussion

Synthesis and characterization of GO and PGO nanosheets
As shown in Schemes 1 and 2, through hydrolysis-condensation reaction (sol-gel) between -OCH 3 groups of VMDMO and -OH groups of the GO nanosheets, polysiloxane brushes were polymerized on the surface of GO nanosheets, leaving free vinyl groups on the PGO. To further conrm the existence of the polymer brushes on GO nanosheets, FTIR, AFM and TGA were performed. For the FTIR spectrum in Fig. 1a , the characteristic absorption peaks conrm the structure of GO. Peaks at 3450, 1724, 1628, 1396, 1220 and 1044 cm À1 correspond to the typical O-H, C]O, C] C, C-OH, C-O-C and C-O groups of GO, respectively. 36,37 For PGO, the characteristic peak at 1632 cm À1 corresponds to both C]C bonds of GO substrate and the vinyl groups on polysiloxane brushes, the peak at 1220 cm À1 is assigned to C-O-C bonds of GO. The absorption bands at 1022 and 1127 cm À1 are assigned to Si-O-Si and Si-O-C bonds, respectively. [38] [39] [40] And the peaks at 1452 and 1364 cm À1 are for the asymmetric and symmetric deformation vibrations of the methyl group in polysiloxane brushes. The above evidences conrm the successful reaction between -OH groups of GO nanosheets and -OCH 3 groups of VMDMO polysiloxane brushes, leading to the successful surface precipitation polymerization. Some peaks can not be clearly described due to their overlapping, which is also reported in related literature.
36
Morphology of GO and PGO were probed by AFM, and the images were showed in Fig. 1d and S1 (ESI †). By surface precipitation polymerization, PGO was successfully synthesized and showed a novel multi-layer sandwich structure. AFM investigation reveals the continuous and uniform layers of PGO. Due to the diffusion of VMDMO molecules into GO layers, polysiloxane polymerization reacted on both the upper and lower surfaces of each GO layer, leading to the growth of intercalated polysiloxane brushes on both sides. As shown in Fig. 1d , detailed thickness analysis on different areas of PGO nanosheets showed that the thickness of each PGO layer is approximately 4.7 nm. Meanwhile, the measured thickness of pristine single-layer GO is about 1.1 nm in Fig. S1 (ESI †), which is consistent with the thickness data of GO reported in the relevant literature. 41 Thus, the thickness of the homogeneous polysiloxane brushes layers formed on upper and lower surface of GO nanosheets is expected to scale approximately as 1.8 nm. (n Si-O-C and n C-O ). 38 Moreover, no peak of Si-H bond is showed around 2160 cm À1 . These evidences conrm that 4-chlorostyrene was successfully connected to D H 4 , and the cyclic crosslinker was successfully connected to the polysiloxane brushes of PGO by hydrosilylation. Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) was employed to access the relative composition of GO within the FPGO and its thermal stabilities. As shown in Fig. 1b and S2 (ESI †), pristine GO and FPGO were identically subjected to TGA for clear comparison. TGA curves suggest that GO and FPGO display three main stage weight loss, including the removal of moisture (mainly bonded water) from the hydrophilic groups as the rst stage (50-150 C), the degradation of oxygen containing functional groups as the second stage (150-220 C) and the decomposition of GO backbone as the third stage (230-800 C). The additional weight loss of FPGO at 150-760 C largely corresponded to the decomposition of polysiloxane brushes, and this process could also prove that functional polymer brushes had been successfully graed onto the GO nanosheets. The weight loss of GO and FPGO polymer brushes from 50 to 760 C are 66.05 wt% and 55.37 wt%, respectively. According to reported data, degradation residual of linear polysiloxane at 800 C in N 2 atmosphere is around 6-8 wt%. 43 Therefore, the weight percentage of polysiloxane brushes in FPGO nanosheets is calculated to be around 18 wt%. So the weight percentage of GO in FPGO is about 82 wt%.
Synthesis and characterization of FPGO nanosheets
As shown in Fig. 1c , XRD was performed to investigate the crystalline nanostructure of GO and FPGO. GO attains a characteristic diffraction band of (002) at 2q ¼ 8. 9 corresponding to the interlayer spacing of adjacent GO sheets about 0.99 nm, which is close to the value in literature. 44 This band for FPGO nanosheets is shied to 10.5 aer surface precipitation polymerization, indicating that the interlayer d-spacing of FPGO decreases to 0.84 nm. The slightly decreased d-spacing comes from the interaction between the adjacent polysiloxane brushes layers. Similar phenomenon has also been observed in other GO polymer brushes. 24 Generally, GO and FPGO show very close XRD curves, which implies the crystalline structure of GO was not changed signicantly.
The nanosize and distribution of GO, PGO and FPGO nanosheets were characterized using DLS and were shown in Fig. S3 (ESI †). By comparison, no obvious change of nanosize and distribution between GO (565 AE 45 nm), PGO (602 AE 58 nm) and FPGO (687 AE 54 nm) was found. Therefore, the agglomeration between PGO and FPGO nanosheets during the synthesis was successfully alleviated, which ensured their uniform dispersion in solvent and hybrid membranes.
As shown in Fig. S4a (ESI †), the GO dispersion in DMAc (on the le) prepared by ultrasonication is easy to agglomerate and then precipitate aer being rested for 4 h. However, FPGO can be dispersed in DMAc uniformly without ultrasonication. Furthermore, the FPGO dispersion (on the right) keeps stable and homogeneous with no obvious agglomeration for at least 24 h. In this work, DMAc, a widely used solvent for PEMs fabrication, was chosen for the cross-linking reaction and the fabrication of hybrid membranes. Therefore, the aggregation of nano-ller in SPSU/FPGO cross-linked membranes could be effectively reduced to obtain uniformly cross-linked and homogeneous hybrid PEMs.
Preparation and characterization of the membranes
The synthesis route to SPSU/FPGO cross-linked membranes was shown in Scheme 1b. Through the condensation reaction between terminal -OK groups of SPSU and 4-chlorostyrene groups of FPGO, organic-inorganic cross-linked network structure can be obtained. The prepared SPSU/FPGO crosslinked membranes, whose FPGO content range is between 1 wt% to 3 wt%, were black, smooth, strong and homogeneous. Here, their cross-linking structure was conrmed by the solubility test. SPSU/GO-2 composite membrane and SPSU/FPGO-2 cross-linked membrane were immersed in 10 mL of DMAc at 80 C for 1 h, respectively. As shown in Fig. S4b (ESI †), SPSU/GO-2 (on the le) dissolved more quickly than SPSU/FPGO-2 (on the right), making the color of the solution darker. While SPSU/ FPGO-2 dissolved only partially in DMAc. Therefore, compared to SPSU/GO composite membrane, the cross-linking structure of SPSU/FPGO cross-linked membranes appeared to reduce their solubility, which also means better solvent resistance. Scanning electron microscopy (SEM) was used to investigate the internal microstructure of the pristine SPSU membrane, SPSU/GO-3 composite membrane and SPSU/FPGO-3 crosslinked membrane. Fig. 2a-d shows the images of the crosssection of different membranes, and all the membranes are dense and relatively homogeneous. The cross-section of the pristine SPSU membrane presents a smooth and uniform surface without any cracks, indicating ne quality. Compared with SPSU control membrane, the cross-section of SPSU/GO-3 composite membrane is rougher. From Fig. 2a and c, attributed to the hydrogen bonding between sulfonic acid groups of SPSU matrix and the polar groups (-O-, C]O) of GO on the SPSU-GO interface, GO nanosheets exhibit good dispersion in the membrane. However, there are still some aggregations of GO nanosheets presented in the SPSU/GO-3 composite membrane, which are marked in Fig. 2b . These aggregations may result in a negative blocking effect on the proton conduction performance of composite membranes. For SPSU/FPGO-3 cross-linked membrane, its cross-section is rougher than that of SPSU/GO-3 composite membrane, but no obvious aggregations of inorganic ller are observed ( Fig. 2c and d) . Many smooth transition slopes are observed at the organic-inorganic interface of SPSU/FPGO cross-linked membrane. That indicates better interfacial adhesion between inorganic llers and SPUS matrix, which is due to the better dispersion state of FPGO in DMAc and the uniform cross-linking structure between exible FPGO polymer brushes and SPSU chains. Thereby, the interfacial compatibility between the inorganic llers and matrix was efficiently improved, which may help to build more continuous proton transfer pathways at the interface.
The micro/nano phase segregation of SPSU/GO-1 and SPSU/ FPGO-1 was investigated by TEM, as shown in Fig. S5 (ESI †) . The bright area and dark area represent hydrophobic domains and hydrophilic ion cluster domains, respectively. For both SPSU/ GO-1 and SPSU/FPGO-1 membranes, the bright and dark domains are uniformly dispersed, illustrating that the dispersion of inorganic llers in polymeric matrices is uniform. So the ion clusters and proton conducting channels in SPSU/GO-1 and SPSU/FPGO-1 membranes are evenly formed to realize high membrane proton conductivity.
XRD was carried out to investigate the inuence of incorporated inorganic nanosheets on the crystalline structure of prepared membranes, and the results were shown in Fig. 3a . It is found that all the membranes have the major diffraction band at 2q ¼ corresponding to the crystalline domain of SPSU matrix, closing to the data in literature. 45 For both SPSU/ GO composite membranes and SPSU/FPGO cross-linked membranes, intensities of their major crystalline bands are lower than that of pristine SPSU membrane. In addition, major peaks of this band for SPSU/GO and SPSU/FPGO membranes are shied slightly to 2q ¼ 19.7 and 19.4 , respectively. The decrease of diffraction intensity and slightly increase of interplanar spacing in all the hybrid membranes is reasonably attributed to the mutual interaction between SPSU matrix and GO/FPGO llers, which impede the ordered stacking of SPSU backbone and nally leading to lower crystallinity. Moreover, the intensity of diffraction bands of SPSU/FPGO membranes are relatively higher than that of SPSU/GO membranes. This phenomenon should be ascribed to the SEM observed smooth organic-inorganic polymer brushes interface in SPSU/FPGO membranes. Compared with GO nanosheets, there are less oxygen containing polarized groups presented on the surface of FPGO, so the interfacial interaction in SPSU/FPGO membranes is weaker than that in SPSU/GO membranes, leading to the lower inhibition on the crystallization of SPSU backbone. 18 So the crystallinity in SPSU/FPGO membranes is higher than that of SPSU/GO membranes with the same inorganic content. Table 1 presents the mechanical properties of the prepared membranes in wet state in terms of their stress-strain curves, fracture strain and tensile strength. Pristine SPSU membrane attains a good mechanical stability with a tensile strength of 32.77 MPa. Hybrid membranes show relatively lower tensile strength. When the inorganic content increased from 1 wt% to 3 wt%, their tensile strength decreased gradually. Among them, SPSU/FPGO-1 cross-linked membrane possesses the best tensile strength of 32.61 MPa, which is close to that of pristine SPSU membrane. By comparison, SPSU/FPGO membranes perform higher tensile strength than SPSU/GO membranes with the same inorganic content, and the increase in tensile strength between them are 10.3%, 24.5% and 50.0% when the inorganic content is 1 wt%, 2 wt% and 3 wt%, respectively. Higher FPGO contents lead to the higher cross-linking density, so the increasing amplitude is higher too. Tensile strength of assynthesized hydrated membranes (20.41-32.77 MPa) is relatively lower than reported sulfonated polyimide based composite membranes. 10 But it should be noted that all the prepared membranes perform higher tensile strength than our measured value of hydrated Naon®117 (17.8 MPa) and reported sulfonated poly(arylene ether ketone) membranes (5.9-16.52 MPa), 46 indicating that they satisfy the mechanical requirement of DMFCs.
Mechanical properties
Thermal and oxidative stability
Thermal stability, which is closely related to the membrane structure, is an important prerequisite for PEMs. Degradation behaviors of pristine SPSU membrane, SPSU/GO-3 composite membrane and SPSU/FPGO-3 cross-linked membrane were evaluated by TGA and DTG in Fig. 3b and c . All the membranes exhibit analogous one minor and two major weight loss steps: (i) the rst minor step is attributed to the evaporation of residual solvents (DMAc) and water around 50-250 C; (ii) the second stage corresponds to the decomposition of sulfonic acid groups on SPSU chains around 280-425 C; (iii) the third stage is the degradation of polymer backbones around 450-770 C.
Meanwhile, for the introduced GO in SPSU/GO composite membrane and SPSU/FPGO cross-linked membrane, a gradual decrease of mass is observed at 150-250 C, possibly due to the degradation of its oxygen containing functional groups of the small introduced amount of GO. And the combustion of the residual char of GO happens at 300-800 C. Thermal decomposition behavior of the embedded GO nanosheets in polymeric matrix is similar to previously reported values. 10, 24, 47 Compared with pristine SPSU membrane, the incorporation of GO and FPGO llers alters the decomposition behavior of the hybrid membranes. The degradation temperature of step (ii) (T d1 ) of pristine SPSU is 357 C, while the T d1 of SPSU/GO-3 and SPSU/ FPGO-3 membranes decreased by around 3 and 6 C, respectively. The degradation temperature of step (ii) (T d2 ) of SPSU/ GO-3 and SPSU/FPGO-3 decreased by 7 and 18 C compared with SPSU (T d2 ¼ 468 C). In addition, the char yields of SPSU/ GO composite membrane and SPSU/FPGO cross-linked membrane shows about 7.6 wt% higher than that of pristine SPSU control membrane. The above phenomena might be attributed to the incorporation of inorganic ller and the covalent cross-linking network, which impedes the degradation rate of SPSU backbone, leading to an improved thermal decomposition stability of the hybrid membranes. Results of the membrane structure obtained by TGA are well in agreement with that by FTIR and XRD. Generally, all the prepared membranes exhibited adequate thermal stability up to 280 C, which is higher than the minimum decomposing temperature requirement for DMFCs. The degradation of polymer backbones of PEMs usually occur during fuel cell operations due to the attack of free radicals like HOc and HO 2 c. 28 Generally, a high degree of sulfonation leads to high membrane proton conductivity but low oxidative stability. Therefore, it's important to measure the lifetime of prepared pristine and hybrid PEMs under harsh oxidative fuel cell conditions where membranes were soaked in Fenton's reagent at 80 C to accelerate the test. Oxidative stability of each samples was evaluated by comparing their dissolving behaviors (Table 1) . Aer 1 h, SPSU/FPGO cross-linked membranes showed relatively lower weight loss than pristine SPSU membrane and SPSU/GO composite membranes with the same inorganic content. Then, compared to pristine SPSU membrane which began to dissolve within 1.45 h and completely dissolved within 2 h, SPSU/GO membranes and SPSU/FPGO membranes started to dissolve aer 2.2-3.5 h and 2.5-4 h, respectively. And the elapsed time when the SPSU/FPGO membranes dissolved completely is also higher than that of SPSU and SPSU/GO membranes. With increasing inorganic contents, all the hybrid membranes performed better oxidative stability. Moderate membrane WU is benecial to high proton conductivity while excess WU may consequently lead to severe membrane swelling and then weaken the membrane durability. 48, 49 As shown in Fig. 3d and Table S1 (ESI †), SPSU/FPGO membranes show lower WU than SPSU/GO membranes with the same inorganic contents at 70-90 C. Furthermore, with the help of covalently cross-linked network which may slow down the oxidation process, 29 SPSU/FPGO membranes showed better oxidative stability than SPSU/GO membranes.
Water uptake (WU), area swelling and ion exchange capacity (IEC)
WU and area swelling are important parameters for PEMs. WU plays a crucial role in proton conduction ability and transportation mechanism and area swelling directly determines the dimensional stability of PEMs. 50 Since the excessive WU would lead to low membrane durability, a proper WU and area swelling level should be maintained to guarantee the overall performance for DMFCs.
The absorbed water molecules, as the proton conductive medium, provide proton carriers for Vehicle mechanism and form hydrogen bond networks for Grotthuss-type proton transportation.
2,51 Table S1 (ESI †) and Fig. 3d show the WU of different membranes at different temperatures. It is seen that the WU of all the hybrid membranes at 30 C is higher than the WU of pristine SPSU without GO or FPGO. The increase is attributed to the addition of GO or FPGO, which contains many hydrophilic groups (-OH, -COOH and -O-). They provided additional water storage spaces at the SPSU matrix-ller interfacial domains. Meanwhile, the WU values of all the SPSU/FPGO cross-linked membranes at 30-90 C are lower than that of SPSU/GO composite membrane with the same inorganic content. For example, compared to the pristine SPSU membrane, the increased proportion of WU is 50.7% for the SPSU/GO-1 at 30 C, while the increased proportion of WU is 42.9% for the SPSU/FPGO-1 at 30 C. This phenomenon is attributed to the compact polymeric network structure of the SPSU/FPGO cross-linked membranes and the increased organic-inorganic interfacial interaction due to covalently cross-linking. 13, 52 In this way, less water molecules were hold in the SPSU/FPGO membranes, leading to the lower WU compared with SPSU/GO membranes. For SPSU/GO composite membranes, due to the hydrogen bonds between oxygen functional groups of nanosheets and -SO 3 H groups of SPSU, the increase of WU is restricted as the temperature increased from 70 to 90 C, leading to the lower WU than SPSU at 90 C. And the phenomenon of sharp increased WU of pristine polymeric PEMs at elevated temperature is also observed in other works. 24, 53 Moreover, with the increasing contents of GO or FPGO llers, WU values of hybrid membranes decrease at all the tested temperatures. For SPSU/FPGO cross-linked membranes, their polymer structure is compacted not only by hydrogen bonds but also by the covalent cross-linking bonds between FPGO and SPSU. Hence, with the increasing FPGO content, their WU values decrease much more.
As shown in Table S1 (ESI †), area swelling values of pristine SPSU membrane, SPSU/GO composite membranes and SPSU/ FPGO cross-linked membranes were measured. And the tested area swelling behavior is similar to the WU behavior of the membranes. It is reported that the area swelling of PEMs increases commonly when GO is incorporated as the inorganic ller, 13, 24 and similar phenomenon is also observed in our SPSU/ GO composite membranes. At 30 C, as shown in Fig. S6 (ESI †), area swelling of hybrid membranes is higher than that of pristine SPSU membrane due to the introduction of GO/FPGO inorganic llers with many hydrophilic groups. For practical application as DMFCs, the area swelling of PEMs at relatively high temperature range (70-90 C) is essential because it directly reects the dimensional stability at operating temperature range, and the area swelling values of various membranes were shown in Fig. 3e . In this way, broader application of GO based PEMs might be limited due to the decreasing dimensional stability. However, through constructing polysiloxane brushes layer on GO surface to form compact polymeric network, and increase of polymer chain mobility and free volume when temperature increases can be restricted. 26 Hence, at 70 C, the cross-linked network in SPSU/FPGO prevents the temperature-WU-related structural changes in the hybrid membranes, resulting in lower area swelling values. Notably, the area swelling of SPSU/FPGO-1 membrane at 70 C is even lower than that of pristine SPSU membrane, showing enhanced dimensional stability for DMFC applications. IEC (mmol of sulfonic acid per g of the prepared membranes) indicates the number of ion exchangeable groups and available protons, so it determines the proton conductivity of membranes. 54 IEC value of each sample was determined by titration method and the results are given in Table S1 (ESI †). The IEC of pristine SPSU control membrane is measured to be 1.44 mmol g À1 , which is consistent to the theoretical value (1.46 mmol g À1 ). Previous research has suggested that, the IEC would be lowered by introducing organic or inorganic materials without sulfonic acid groups, which actually dilute the concentration of sulfonic acid groups in hybrid membranes. Moreover, the IEC values of SPSU/FPGO cross-linked membranes are lower than that of SPSU/GO-X composite membranes with the same inorganic ller content. The decreased IEC values are reasonably attributed to two factors: (i) the diluted concentration of sulfonic acid groups in the cross-linked membranes due to the introduction of functional polymer brushes; (ii) the more compact polymer structure of SPSU/ FPGO cross-linked membranes which limits the amount of protons from being exchanged at room temperature.
Proton conductivity of the membranes
Proton conductivity is the most important property for PEMs, since it directly determines the operational voltage of the fuel cells. Proton conductivity values are closely related to temperature, inorganic content, WU and the cross-linking structure of the membranes. Generally, in order to describe proton transportation through the PEMs, two principle mechanisms were built. One is Vehicle mechanism, which assumes that free water molecules act like vehicles, protons are carried and transported by these vehicles by forming hydronium such as H 3 O + , H 5 O 2 + and H 9 O 4 + , thus allowing the proton transportation through the membranes. 56 The other is Grotthuss mechanism (hopping mechanism). For proton exchange membranes based on sulfonated polymer matrix, protons can hop from one protonattracted group (H 3 O + $SO 3À ) to another by hydrogen bonds. proton conductivity values of fully hydrated Naon®117 are close to reported data. 58 At low operating temperature range (30-50 C) , proton conductivity value of pristine SPSU membrane are close to Naon®117. With 1 wt% of GO being incorporated into the membrane matrix, SPSU/GO-1 performs higher proton conductivity than Naon®117 and SPSU. The enhancement is attributed to the following two reasons. First, the evenly distributed GO nanosheets possess high aspect ratio and many polarized functional groups, they create more facile interconnected channels for proton hopping and transfer, which is formed by ion clusters of the sulfonic acid groups and oxygenated groups. 24, 59 Second, from Table S1 (ESI †), SPSU/GO-1 membrane possesses higher WU at C than that of SPSU and Naon®117. The increased WU may provide more proton conducting carriers and hydrogen networks, which could benet the proton transportation. 13, 34 Thus, protons are able to transport more quickly through the SPSU/GO-1 membrane, leading to higher proton conductivity. However, when the GO content reached 2-3 wt%, proton conductivity of the SPSU/GO membranes decreased. The decrease is partially attributed to lower IEC caused by the dilution of GO on the concentration of sulfonic acid groups. Meanwhile, the blocking effect of GO nanosheets in nanocomposite membranes with 2-3 wt% of GO also plays a crucial role. As is illustrated in Section 3.3, the relatively high GO content and GO aggregation in SPSU/GO-3 membrane may generate blocking effect for proton transportation, which resulted in fewer, longer and narrower proton transfer pathways and reduced free volume of SPSU chains, so the protons were blocked by the 2D nanosheets during migration. 16 The strong blocking effect in SPSU/GO-3 predominate from 30 C to 90 C, so the proton conductivity of SPSU/GO-3 composite membrane (0.103-0.354 S cm À1 ) is much lower than that of SPSU/GO-1 (0.142-0.462 S cm À1 ) and Naon®117
(0.125-0.238 S cm À1 ).
As we can see in Fig. 4a and b, due to the enhanced mobility of protons/water molecules across the membrane, the increased free volume of the membranes and boosted mobility of protons at elevated temperature range, 60,61 proton conductivity of every prepared membrane performs positive temperatureconductivity dependence. Moreover, attributed to their positive temperature-WU dependence, all the prepared membranes performed higher proton conductivity than Naon®117 at 70-90 C. For SPSU/GO-1, its proton conductivity at temperature range between 30 C and 90 C increased signicantly (up to 0.416 S cm À1 at 90 C). The enhancement is attributed to the evenly dispersed GO which facilitate proton transportation as well as its higher WU at 30-70 C than that of pristine SPSU membrane.
As shown in Fig. 4a , b and S7 (ESI †), the proton conductivity of SPSU/GO composite membranes and SPSU/FPGO crosslinked membranes with the same inorganic content are compared with pristine SPSU membrane. For SPSU/FPGO crosslinked membranes, they perform lower proton conductivity than SPSU/GO composite membranes at C. With covalently cross-linked network, the polymer structure of SPSU/ FPGO membranes is more compact and chain mobility is restricted, leading to lower WU than SPSU/GO membranes. So they possess lower proton conductivity at 30-50 C compared with the same inorganic contents. Interestingly, all the SPSU/ FPGO cross-linked membranes shows higher conductivity than both pristine SPSU and SPSU/GO composite membranes at 70-90 C, even if their WU and IEC values are lower. This might be attributed to the cross-linked network which provides a closer contact or connectivity between the proton conducting functional groups (carboxyl, hydroxyl, sulfonic acid groups etc.) in SPSU/FPGO membranes. 34 In this way, sulfonic-riched domains tend to be induced on the surface of FPGO, promoting the formation of interconnected proton conducting channels at SPSU/FPGO interface. 30, 62, 63 At 30-50 C, due to the strong negative inuence of lower WU values and lower IEC values on the proton conductivity of hybrid membranes, SPSU/ FPGO cross-linked membranes show lower proton conductivity compared with SPSU/GO composite membranes. However, as the temperature increased to 70-90 C, energy of thermal motion for polymer chains in SPSU/FPGO cross-linked membranes increases, resulting in the increasing chain conformation and exibility. Therefore, more water molecules are absorbed in the SPSU/FPGO cross-linked membrane, providing more proton conductive carriers for both Grotthuss mechanism and Vehicle mechanism transportation at 70-90 C.
In this way, the interconnected proton conducting channels on the SPSU/FPGO interface facilitate high-efficiency proton transportation with the effectively improved proton conductivity at 70-90 C. It is noteworthy that, even for the SPSU/FPGO-3 cross-linked membrane with the lowest IEC value and strong blocking effect negatively affecting its proton conductivity ( Fig. S7c (ESI †) ), it still shows a conductivity (0.354 S cm À1 ) which is higher than SPSU/GO-3 composite membrane (0.313 S cm À1 ) and is very close to pristine SPSU membrane (0.358 S cm À1 ) at 90 C. Among all the tested membranes, the SPSU/FPGO-1 cross-linked membrane performs the best proton conduction behavior. Its proton conductivity reaches 0.4621 S cm À1 at 90 C, which is 1.94-folds of the value of Naon®117, 33% higher than pristine SPSU membrane and 14.5% higher than SPSU/GO-1 composite membrane. As is known, the operating temperature of DMFCs is generally above 80 C, so the studied SPSU/FPGO-1 cross-linked membrane is effective as a practical PEM.
To further investigate the mechanism of proton transportation, proton conductivity values in Arrhenius plot of the PEMs were depicted in Fig. 4c ) are little higher than that of pristine SPSU and SPSU/GO composite membranes with the same inorganic content, but falls more into the E a scale of Grotthuss mechanism. The increased E a mainly owes to the covalent crosslinking which makes the polymeric network compact, letting more protons migrate by Grotthuss hopping mechanism. Similar phenomenon was also reported in literature. 18 Besides, with the FPGO content increases to 2-3 wt%, blocking effect increases and the polymer network is compacted more, leading to harder proton conduction in SPSU/FPGO cross-linked membranes with higher E a values than SPSU/FPGO-1 membrane.
Methanol permeability and selectivity
In addition to their high proton conductivity, PEMs also act as essential methanol barriers in DMFCs to prevent the diffusion of methanol molecules from anode to cathode so as to improve the fuel cell efficiency. Herein, methanol permeability and selectivity values of Naon®117, pristine SPSU, SPSU/GO composite membranes and SPSU/FPGO cross-linked membranes at 30 C were measured and presented in Table 2 . ) and pristine SPSU membrane (2.34 Â 10 À6 cm 2 s À1 ) at 30 C. This could be attributed to the welldispersed 2-D nanosheets of GO, which reduced the chain mobility and free volume of polymeric matrices and also formed twisted methanol diffusion paths in the nanocomposite membranes. With the increasing inorganic content from 1 wt% to 3 wt%, diffusion resistance of methanol molecules further increases, so the methanol transportation across the membranes is further restricted. Noteworthy, beneted from the covalently cross-linked structure which makes the polymeric network much more compact, SPSU/FPGO cross-linked membranes show even lower methanol permeability than SPSU/GO composite membranes with the same ller content. Beneting from the highly increased diffusion resistance of methanol, selectivity values of hybrid membranes show a prominent increase compared with that of pristine SPSU membrane. Among them, SPSU/FPGO-1 cross-linked membrane posses the highest selectivity (8.28 Â 10 4 S s cm À3 at 30 C), which is 1.67-folds of the value higher than Naon®117, further illustrating its excellent comprehensive transport properties for DMFCs applications. Herein, the tradeoff transportation properties between proton conductivity and methanol permeability in the nanocomposite PEMs has been effectively modulated through constructing novel SPSU/FPGO cross-linked structure.
Conclusions
To summarize, FPGO nanosheets with cross-linker bonded onto their polysiloxane brushes were synthesized via surface precipitation polymerization and hydrosilylation. By crosslinking FPGO into SPSU matrices and then fabricating the membrane through the facile solution casting method, novel GO polymer brushes based cross-linked nanocomposite PEMs (FPGO/SPSU) was successfully prepared. Compared with Naon®117, pristine SPSU membrane, SPSU/GO composite membranes and other widely reported uncross-linked nanocomposite membranes, SPSU/FPGO cross-linked membranes showed comprehensive advantages for both membrane preparation process and DMFCs applications: (i) optimizing the dispersion property of GO based nano-ller in polar aprotic solvent (DMAc) to effectively reduce their aggregation in nanocomposite PEMs; (ii) improving thermal, oxidative and dimensional stability and mechanical property of nanocomposite membranes; (iii) enhancing proton conductivity at relatively high operating temperature range (70-90 C); (iv) reducing the methanol permeability of PEMs. Particularly, SPSU/FPGO-1 cross-linked membrane acquires the best over-all properties including a low methanol permeability of 1.71 Â 10 6 S s cm À3 at 30 C and the highest proton conductivity of 0.462 S cm À1 at 90 C under hydrated condition, which is 33% and 14.5%
higher than the proton conductivity of pristine SPSU and SPSU/ GO-1 composite membrane, respectively. Based on these results, we believe the SPSU/FPGO cross-linked membranes merit further research and might be considered as potential candidates for DMFCs application. This study might also provide an alternative method to build more proton transport channels on the surface of inorganic llers via the cross-linking between polymer brushes and the sulfonated polymer matrix.
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